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Abstract. Models based on SU(6) symmetry breaking and large Nc limit provide relations between the
pion cloud contributions to the γ∗N → ∆(1232) quadrupole form factors, electric (GE) and Coulomb
(GC), and the neutron electric form factor GEn, suggesting that those form factors are dominated by the
same physical processes. Those relations are improved in order to satisfy a fundamental constraint between
the electric and Coulomb quadrupole form factors in the long wavelength limit, when the photon three-
momentum vanishes (Siegert’s theorem). Inspired by those relations, we study alternative parametrizations
for the neutron electric form factor. The parameters of the new form are then determined by a combined
fit to the GEn and the γ
∗N → ∆(1232) quadrupole form factor data. We obtain a very good description of
the GE and GC data when we combine the pion cloud contributions with small valence quark contributions
to the γ∗N → ∆(1232) quadrupole form factors. The best description of the data is obtained when the
second momentum of GEn is r
4
n ≃ −0.4 fm
4. We conclude that the square radii associated with GE and
GC , r
2
E and r
2
C , respectively, are large, revealing the long extension of the pion cloud. We conclude also
that those square radii are related by r2E − r
2
C = 0.6 ± 0.2 fm
2. The last result is mainly the consequence
of the pion cloud effects and Siegert’s theorem.
PACS. 13.40.Gp Electromagnetic form factors – 14.20.Gk Baryon resonances with S=0
– 14.20.Dh Protons and neutrons
1 Introduction
Among all the nucleon excitations the ∆(1232) plays a
special rule, not only because it is a spin 3/2 system with
the same quark content as the nucleon, but also because it
is very well known experimentally [1,2,3]. The electromag-
netic transition between the nucleon (N) and the ∆(1232)
is characterized by the magnetic dipole form factor (GM )
and two quadrupole form factors: the electric (GE) and
the Coulomb (GC) form factors [4]. The magnetic dipole
is the dominant form factor, as expected from the quark
spin-flip transition [5,6,7,8,9,10,11,12,13,14], while the
quadrupole form factors are small, but non-zero [1,2,15,
16,17,18,19,20]. The transition form factors are tradition-
ally represented in terms of Q2 = −q2, where q is the
γ∗N → ∆(1232) momentum transfer, or photon momen-
tum. Experimental data are available only in the region
Q2 ≥ 0.
The non-zero results for the quadrupole form factors
are the consequence of asymmetries on the ∆(1232) struc-
ture, which implies the deviation of the ∆(1232) from
a spherical shape [2,6,16,21,22,23,24,25,26,27,28]. Esti-
mates of the electric and Coulomb quadrupole form factors
based on valence quark degrees of freedom can explain in
general only a small fraction of the observed data [2,6,7,
16,25,29,30,31,32]. The strength, missing in quark models
can be explained when we take into account the quark-
antiquark effects in the form of meson cloud contribu-
tions [29,30,31,32,33,34,35,36].
Calculations based on non relativistic SU(6) quark
models with symmetry breaking and large Nc limit show
that the γ∗N → ∆(1232) quadrupole form factors are
dominated by pion cloud effects at small Q2 (Q2 < 1
GeV2) [2,23,33,37,38,39,40]. Simple parametrizations of
the pion cloud contributions to the quadrupole form fac-
torsGE and GC , labeled asG
pi
E and G
pi
C , respectively, have
been derived using the large Nc limit [33], in close agree-
ment with the empirical data [33,41]. Those parametriza-
tions relate GpiE and G
pi
C with the neutron electric form
factor [33,38,39], and are discussed in sect. 2.
There are some limitations associated with the use of
those pion cloud parametrizations: they underestimate the
Q2 < 0.2 GeV2 data by about 10-20% [19,20,41,42], and
they are in conflict with Siegert’s theorem, a fundamen-
tal constraint between the quadrupole form factors also
known as the long wavelength limit [19,20,43,44,45,46].
Siegert’s theorem states that at the pseudothreshold,
when Q2 = Q2pt ≡ −(M∆ −M)2, one has [4,19,20,42,47]
GE(Q
2
pt) = κGC(Q
2
pt), (1)
where M and M∆ are the nucleon and ∆(1232) masses,
respectively, and κ = M∆−M2M∆ . The pseudothreshold is
2 G. Ramalho: Combined parametrization of GEn and γ
∗N → ∆(1232) quadrupole form factors
the point where the photon three-momentum q, vanishes
(|q| = 0), and the nucleon and the ∆(1232) are both at
rest.
Concerning Siegert’s theorem, the problem can be sol-
ved correcting the parametrization for GpiE with a termO(1/N2c ) at the pseudothreshold, as shown recently in [20].
Concerning the underestimation of the data associated
with the quadrupole form factors GE and GC , it can be
partially solved with the addition of contributions to those
form factors associated with the valence quarks. Although
small, those contributions move the estimates based on the
pion cloud effects in the direction of the measured data [7,
18,19,30,31].
In the previous picture, there is only a small setback,
the combination of pion cloud and valence quark con-
tributions is unable to describe the previous Coulomb
quadrupole form factor data below 0.2 GeV2 [19]. How-
ever, it has been shown recently that the previous extrac-
tions of GC data at low Q
2 (Q2 < 0.2 GeV2) overestimate
the actual values of the form factor [41], and that the new
results are in excellent agreement with the estimates based
on the pion cloud parametrizations [20].
The main motivation for this work is to check if there
are parametrizations of GEn which optimizes the descrip-
tion of the GE and GC data and provides at the same time
an accurate description of the neutron electric form factor
data. With this goal in mind, we perform a global fit of
the functions GEn, G
pi
E and G
pi
C , to the experimental form
factor data, based on the pion cloud parametrization of
the quadrupole form factors. An accurate description of
the data indicates a correlation between the pion cloud
effects in the neutron and in the γ∗N → ∆(1232) transi-
tion [33]. In addition, a global fit, which includes the GE
and GC data, can help to constrain the shape of GEn,
since the neutron electric form factor data have in general
large error bars.
The main focus of the present work is then on the
parametrization of the function GEn. In the past, simpli-
fied parametrizations of GEn with a small number of pa-
rameters have been used. Examples of these parametriza-
tions, are, the Galster parametrization, and the Bertozzi
parametrization, based on the differences of two poles,
among others [48,49,50,51,52,53,54]. More sophisticated
parametrizations, with a larger number of parameters have
been derived based on dispersion relations and chiral per-
turbation theory [55,56,57,58]. For the purpose of the
present work, however, it is preferable to use simple ex-
pressions with a small number of parameters. We propose
then a parametrization of GEn with three parameters.
The parametrizations of GEn can also be analyzed
in terms of first moments of the expansion of GEn near
Q2 = 0, namely, the first (r2n), the second (r
4
n) and the
third (r6n) moments. The explicit definitions are presented
in sect. 3. In the present work, motivated by a previous
study of the γ∗N → ∆(1232) quadrupole form factors
and their relations with Siegert’s theorem [19], we con-
sider a parametrization of GEn based on rational func-
tions. Those parametrizations have a simple form for low
Q2 and are also compatible with the expected falloff at
large Q2. Alternative parametrizations based on rational
functions can be found in [19,59].
As mentioned above, the description of the GE and
GC data can be improved when we include additional con-
tributions associated with the valence quark component.
Inspired by previous works, where the valence quark con-
tributions are estimated based on the analysis of the re-
sults from lattice QCD [9,18,19], we include in the present
study the valence quark contributions calculated with the
covariant spectator quark model from [18]. The model
under discussion is covariant and consistent with lattice
QCD results [8,18,60]. Since in lattice QCD simulations
with large pion masses the meson contributions are sup-
pressed, the physics associated with the valence quarks
can be calibrated more accurately within the model un-
certainties [9]. An additional advantage in the use of a
quark model framework is that the GE and GC form fac-
tors are identically zero at the pseudothreshold, as a con-
sequence of the orthogonality between the nucleon and
∆(1232) states [18,19]. This point is fundamental for the
consistence of the present model with the constraints of
Siegert’s theorem.
We conclude at the end, that the combination of the
GEn, GE and GC data does help to improve the accuracy
of the parametrization of GEn (small errors associated
with the parameters). The best description of the data
is obtained when the second moment of GEn, r
4
n is about
−0.38 fm4. A consequence of this result is that the square
radii associated with GE and GC (r
2
E and r
2
C) are large,
suggesting a long spacial extension of the pion cloud (or
quark-antiquark distribution) for both form factors. We
conclude also that, as a consequence of the pion cloud
parametrizations of the GE and GC quadrupole form fac-
tors, one obtains r2E−r2C = 0.6±0.2 fm2. The uncertainties
of the estimates are also discussed.
This article is organized as follows: In the next section,
we discuss the pion cloud parametrizations of the γ∗N →
∆(1232) quadrupole form factors. In sect. 3, we discuss
our parametrization of the neutron electric form factor. In
sect. 4, we present the results of the global fit to the GEn,
GE and GC data, and discuss the physical consequences
of the results. The outlook and conclusions are presented
in sect. 5.
2 Pion cloud parametrization of GE and GC
The internal structure of the baryons can be described
using a combination SU(6) quark models with two-body
exchange currents and the large Nc limit [37,38,39]. The
SU(6) symmetry breaking induces an asymmetric distri-
bution of charge in the nucleon and ∆(1232) systems,
which is responsible for the non-vanishment of the neutron
electric form factor and for the non-zero results for the
γ∗N → ∆(1232) quadrupole moments [39]. Those results
can be derived in the context of constituent quark models
as the Isgur-Karl model [61,62,63], and others [2,23,38].
More specifically, we can conclude, based on the SU(6)
symmetry breaking, that the γ∗N → ∆(1232) quadrupole
moments are proportional to the neutron electric square
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radius (r2n). Based on similar arguments, we can also re-
late the electric quadrupole moment of the ∆(1232) and
other baryons, with the neutron electric square radius [23,
24,40,64,65,66]. From the large Nc framework, we can
conclude that when Q2 = 0, one has GEGM = O( 1N2c ) and
GE =
M2∆−M
2
4M2∆
GC [2,67].
The derivation of the pion cloud contribution to the
γ∗N → ∆(1232) quadrupole form factors are based on re-
lations between the quadrupole moments and the neutron
electric square radius, discussed above, and on the low-
Q2 expansion of the neutron electric form factor: GEn ≃
− 16r2nQ2 [23,33,37,38,39,40]. One can then write
GpiE(Q
2) =
(
M
M∆
)3/2
M2∆ −M2
2
√
2
G˜En(Q
2)
1 + Q
2
2M∆(M∆−M)
, (2)
GpiC(Q
2) =
(
M
M∆
)1/2√
2M∆MG˜En(Q
2), (3)
where G˜En = GEn/Q
2.
The interpretation of the previous relations as rep-
resentative of the pion cloud contributions is a conse-
quence of the connection between quadrupole form factors
and r2n. Those relations have been derived in the frame-
work of the constituent form factors with two-body ex-
change currents. The effects of those currents can be inter-
preted as pion/meson contributions since they include pro-
cesses associated with pion exchange and quark-antiquark
pairs [37,38,39,40]. This interpretation is also valid in the
large Nc limit, where the form factor GE and the prod-
uct |q|2M∆GC appear as higher orders in 1/Nc compared to
GM [33,67].
For future discussions, it is worth noticing that the
SU(6)/largeNc estimates are based on non relativistic kine-
matics and therefore may ignore some high angular mo-
mentum state effects that emerge in a relativistic frame-
work.
Indications of the dominance of the pion cloud contri-
butions have been found also within the framework of the
dynamical coupled-channel models, like the Sato-Lee and
the DMT models [7,30,31,32,41].
It is worth mentioning that eqs. (2)-(3) should not
be strictly interpreted as pion cloud contributions, be-
cause the empirical parametrization of GEn include all
possible contributions, including also the effects of the va-
lence quarks. We note, however, that in an exact SU(6)
model the contributions from the valence quarks associ-
ated with one-body currents vanishes [39,64,68,69]. In
a model where the SU(6) symmetry is broken in first
approximation, one can expect that the quark-antiquark
contributions are the dominant effect in GEn and r
2
n [38,
39]. Examples of models with meson cloud/sea quark dom-
inance can be found in [25,23,70,71,72]. We conclude then
that (2)-(3) can still be used to estimate the pion cloud
contribution to the γ∗N → ∆(1232) quadrupole form fac-
tors in the cases where the valence quark contributions
are small.
We assume that eqs. (2)-(3) and in particular the an-
alytic parametrizations of GEn hold also for Q
2 < 0. This
assumption is justified by the smooth behavior inferred
for GEn based on the empirical data, and also because the
range of extrapolation is small, since Q2pt ≃ −0.086 GeV2.
In this range, the effects associated with the timelike pole
structure, such as the effects of the ρ-pole (Q2 ≃ −0.6
GeV2), are attenuated, or can be represented in an effec-
tive form. In sect. 4.5 we show that GEn is in fact domi-
nated, near the pseudothreshold, by the first two terms of
the expansion in Q2. Note that the two pion production
threshold Q2 = −4m2pi ≃ −0.076 GeV2, the point where
the transition form factors become complex functions, is
just a bit above the γ∗N → ∆(1232) pseudothreshold.
Since, according to chiral perturbation theory, the tran-
sition to the complex form factors is smooth [55,56], we
can ignore the imaginary component of the form factors
in first approximation, and treat the form factors in the
timelike region as simple extrapolations of the analytic
parametrizations derived in the spacelike region. Similar
extrapolations to the timelike region can also be found
in [44,73,74].
The relations (2)-(3) are derived in [20] and improve
previous largeNc relations [33], in order to satisfy Siegert’s
theorem exactly (1). The main difference between our an-
alytic expressions for the functions GpiE and G
pi
C compared
to the expressions derived in [33], is in eq. (2), where we
include a denominator in the factor G˜En. This new factor
corresponds to a relative correction O(1/N2c ), relative to
the original derivation for GpiE , at the pseudothreshold
1.
Using the new form, one obtains at the pseudothreshold:
1+ Q
2
2M∆(M∆−M)
= M∆+M2M∆ , which lead directly to eq. (1).
In a previous work [19], an approximated expression was
considered for GpiE , where the error in the description of
Siegert’s theorem is a term O(1/N4c ).
Previous studies of Siegert’s theorem based on quark
models [16,43,75,76,77] show that the theorem can be
violated when the operators associated with the charge
density, or the current density, are truncated in different
orders, inducing a violation of the current conservation
condition [43]. From those works, we can conclude that,
a consistent calculation with current conservation, can-
not be reduced to the photon coupling with the individ-
ual quarks (one-body currents), since the current is trun-
cated. In those conditions, it is necessary the inclusion
of higher-order terms such as two-body currents, in order
to ensure current conservation and to be consistent with
Siegert’s theorem [43]. The description of Siegert’s theo-
rem, requires then the inclusion of processes beyond the
impulse approximation (one-body currents) [42,43].
We recall at this point that eqs. (2)-(3) are the result
of derivations valid at small Q2 [33]. For very large values
of Q2, we expect the pion cloud contributions to be neg-
ligible in comparison to the valence quark contributions.
Thus, one can assume that for large Q2, the equations (2)-
1 Since in the large Nc limit M∆ −M = O(1/Nc), and M ,
M∆ = O(Nc), the factor 1/
(
1 + Q
2
2M∆(M∆−M)
)
corresponds to
a correction O(1/N2c ), at the pseudothreshold.
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Fig. 1. Valence quark contributions for GE and GC according
to [18]. Recall that κ = M∆−M
2M∆
≃ 0.12.
(3) are corrected according to GpiE → GpiE/(1 + Q2/Λ2E)2
and GpiC → GpiC/(1+Q2/Λ2C)4, where ΛE and ΛC are large
momentum cutoff parameters [20]. In those conditions, the
form factors GE and GC are, at large Q
2, dominated by
the valence quark contributions, as predicted by perturba-
tive QCD, with falloffs GE ∝ 1/Q4 and GC ∝ 1/Q6 [78,
79]. The falloffs of the pion cloud components are then
GpiE ∝ 1/Q8 and GpiC ∝ 1/Q10, where the extra factor
(1/Q4) takes into account the effect of the extra quark-
antiquark pair associated with the pion cloud [78,79].
Adding the valence quark contributions
The pion cloud contributions to the γ∗N → ∆(1232)
quadrupole form factors given by eqs. (2)-(3) should be
complemented by valence quark contributions to the re-
spective form factors. Calculations from quark models es-
timate that the valence quark contribution to the γ∗N →
∆(1232) quadrupole form factors are an order of magni-
tude smaller than the data [1,7,16,17,36,80]. It is known,
however, that small valence quark contributions to the
quadrupole form factors can help to improve the descrip-
tion of the data [18,19].
The valence quark contributions to the γ∗N → ∆(1232)
quadrupole form factors are in general the result of high
angular momentum components in the nucleon and/or
∆(1232) wave functions. The valence quark contributions
to the quadrupole form factors vanish at the pseudothresh-
old, as a consequence of the orthogonality between the
nucleon and ∆(1232) states, as discussed in [19]. In those
conditions, the valence quark contributions to the quadru-
pole form factors play no role in Siegert’s theorem, which
depends exclusively on the pion cloud contributions. The
parameterizations (2)-(3) then ensure that Siegert’s theo-
rem is naturally satisfied.
In order to improve the description of the γ∗N →
∆(1232) quadrupole form factors, we combine the pion
cloud parametrizations (2)-(3) with the valence quark con-
tributions (index B), using Ga = G
B
a +G
pi
a , for a = E,C.
For the valence quark contributions we use in particular
the quark model from [18], since in this work the valence
quark contributions are calculated using an extrapolation
from the lattice QCD simulations in the quenched approx-
imation with large pion masses [81]. Recall that in lat-
tice QCD simulations with large pion masses, the meson
cloud effects are very small, and the physics associated
with the valence quarks can be better calibrated [9,18,
82]. The free parameters of the model are two D-state
admixture coefficients and three momentum scales associ-
ated with the radial structure of the D-states. All those
parameters are determined accurately by the results from
lattice QCD simulations [18]. The chi-square per degree of
freedom associated with the fit of the model to the lattice
QCD results is 0.58 for GE and 1.17 for GC . The number
of degrees of freedom of the fit is 37 and the combined
chi-square per degree of freedom is 0.76.
The model under discussion is covariant and can there-
fore be used to estimate the valence quark contributions
in any range of Q2 [18,60]. The results of the valence
quark contributions to the form factors GE and GC es-
timated by the model from [18] are presented in fig. 1.
The available data near Q2 = 0 is GE(0) = 0.076± 0.015
and κGC(0.04 GeV
2) = 0.075 ± 0.021 [20,41,83]. Based
on fig. 1, one can then conclude that the valence quarks
contribute only for about 10% of the empirical data near
Q2 = 0. The theoretical uncertainties associated with the
results from fig. 1 are discussed later on.
Estimates based on the Dyson-Schwinger formalism
suggest that relativistic effects, in particular P -state con-
tributions, can increase the magnitude of the valence quark
contributions [12,13]. These results suggest that our esti-
mates of the pion cloud contributions may be overesti-
mated.
3 Parametrizations of GEn
The parametrizations of GEn can be represented by an
expansion near Q2 = 0 in the form [38]:
GEn(Q
2) ≃ − 16r2nQ2 + 1120r4nQ4 − 15040r6nQ6 + ..., (4)
where each term defines a momentum of the function GEn.
In the previous equation, r2n is the first moment, r
4
n is the
second moment, r6n is the third moment, and so on. The
first moment is well known experimentally: r2n ≃ −0.116
fm2 [83]. The value of the second moment (r4n) controls
the curvature of the function GEn near Q
2 = 0. For r4n,
we need, at the moment, to rely on models. A discussion
about the possible values for r4n can be found in [38]. The
third moment (r6n) is usually omitted in the discussions,
it can be used to discriminate two close parametrizations.
For the discussion, it is important to present also the
form of the most popular parametrization of GEn, the
Galster parametrization [48,49,52]:
GEn(Q
2) = −1
6
r2n
Q2
1 + d τN
GD, (5)
G. Ramalho: Combined parametrization of GEn and γ
∗N → ∆(1232) quadrupole form factors 5
where τN =
Q2
4M2 , d is a free parameter, and GD is the nu-
cleon dipole GD = 1/(1 +Q
2/Λ2)2 with Λ2 = 0.71 GeV2.
Since r2n is well determined experimentally, there are only
two independent parameters in (5), counting Λ as a pa-
rameter.
In the present work, we use the following form to para-
metrize the function G˜En:
G˜En(Q
2) =
c0(1 + c2Q
2 + ...+ ckQ
2k−2)
1 + c1Q2 +
c21
2!Q
4 + ...+
ck+2
1
(k+2)!Q
2k+4
, (6)
where k = 2, 3, ... is an integer and cl (l = 0, ..., k) are
adjustable coefficients. The use of eq. (6) is motivated by
the relation between the quadrupole form factors GE and
GC and the neutron electric form factor GEn, and also by
previous studies of Siegert’s theorem [42]. The parame-
terizations of the transition form factors are sometimes
performed based on analytic forms that are valid only
in a limited region of Q2. Examples of those represen-
tations are the MAID parametrizations, based on polyno-
mials and exponentials [44]. Those representations have
problems in the extension for the timelike region (large
exponential effects) and in the large-Q2 region where the
form factors have very fast exponential falloffs, instead
of power law falloffs predicted by perturbative QCD [78,
79]. Alternatively, the parametrizations based on rational
functions can describe both the low- and large-Q2 regions
with the appropriate power law falloffs, and can also be ex-
tended to the timelike region. Depending on the resonance
under study, the parameter c1 can be chosen in order to
avoid singularities above the pseudothreshold [42]. Note
that for large Q2, one has G˜En ∝ 1/Q6, as expected from
perturbative QCD arguments [78,79].
The form (6) was used in [42] to parametrize directly
the GC data. A modified form with a different asymp-
totic falloff was also used to parametrize the GE data
(GE ∝ 1/Q4, for large Q2). From eq. (6), one can de-
rive the following relations for the first (r2n), the second
(r4n), and the third (r
6
n) moments of GEn, as defined in
eq. (4):
c0 = −1
6
r2n,
c0(c2 − c1) = 1
120
r4n,
1
2
c0 [c1(c1 − c2) + 2c3] = − 1
5040
r6n. (7)
We fix the value of r2n by the experimental value r
2
n ≃
−0.116 fm2 (or −2.98 GeV−2), due to its precision. Typ-
ical values for r4n are in the range r
4
n = −(0.60–0.30)
fm4 [38,52,53]. The third moment is discussed later.
The parametrization (6) has only k independent coef-
ficients: cl (l = 1, ..., k), because c0 is fixed by the data.
There are then k adjustable parameters.
4 Combined fit of GEn, GE and GC
In this section, we present the results of the global fit
of eqs. (2), (3) and (6) to the GEn, GE and GC data,
based on the chi-square minimization. Since the pion cloud
expressions for GE and GC are derived at low Q
2 [33],
we restrict the fit of the quadrupole form factors to the
Q2 < 1.5 GeV2 region. ForGEn we consider no restrictions
in the data. The quality of the fits is measured by the chi-
square value per degree of freedom (reduced chi-square)
associated with the different data sets.
We start by discussing the data used in our fits and
the explicit form used for GEn (sects. 4.1 and 4.2). After
that, we present the results for two different cases. First,
we consider a simple model where we neglect the effect
of the valence quark contributions (sect. 4.3). Next, we
present the results of our best fit to the global data, in-
cluding the valence quark contributions to the γ∗N →
∆(1232) quadrupole form factors (sect. 4.4). Once deter-
mined our best fit to the global data we discuss the results
for GEn (sect. 4.5) and the results to the γ
∗N → ∆(1232)
quadrupole form factors (sect. 4.6), including the values
obtained for the electric and Coulomb quadrupole square
radii (sect. 4.7). At the end, we debate some theoretical
and experimental aspects related to the final results.
4.1 Data
In the present work, we consider the data forGEn from [54,
84]. The data from [84] are extracted from the analysis
of the deuteron quadrupole form factor data, providing
data at very low Q2. Reference [54] presents a compila-
tion of the data from different double-polarization experi-
ments [85,86,87,88,89,90,91,92,93,94], which measure the
ratioGEn/GMn, whereGMn is the neutron magnetic form
factor. In total, we consider 35 data points for GEn.
Concerning the γ∗N → ∆(1232) quadrupole form fac-
tor data, we consider a combination of the database from
[95], the recent data from JLab/Hall A [41], and the world
average of the Particle Data Group for Q2 = 0 [83]. The
database from [95] includes data from MAMI [80], MIT-
Bates [96] and JLab [97,98] for finite Q2. Comparatively
to [95], we replace the GC data below 0.15 GeV
2 from [80,
96], by the new data from [41]. This procedure was adopted
because it was shown that there is a discrepancy between
the new data and previous measurements from MAMI and
MIT-Bates [80,96] below 0.15 GeV2, due to differences in
the extraction procedure of the resonance amplitudes from
the measured cross sections [41]. For the same reason, the
MAMI data from [99] are not included. As forGE , we com-
bine the data from [95] with the more recent data from
JLab/Hall A [41]. Since we restrict the quadrupole form
factor data to the region Q2 < 1.5 GeV2, the GE data is
restricted to 15 data points and the GC data to 13 data
points.
The data for GE and GC are converted from the re-
sults from [41,95,83]. In the case of [95] the form factors
GM , GE and GC are calculated from the helicity ampli-
tudes A1/2, A3/2 and S1/2 using standard relations [2,3,
44]. For Q2 = 0, we use the PDG data [83] for the elec-
tromagnetic ratios REM ≡ − GEGM and RSM ≡ −
|q|
2M∆
GC
GM
,
combined with the experimental value of GM (0) [44] (q is
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Fig. 2. Neutron electric form factor. Results of the direct fit
to the GEn data (dashed line, thick band), and of the global
fit without the valence quark contributions (thin band). The
label “mc” stands for meson cloud. Data from [54,84].
the photon three-momentum in the ∆(1232) rest frame).
As for the recent data from [41] for REM and RSM , we
use the MAID2007 parametrization for GM , since the he-
licity amplitudes are not available for all values of Q2.
The MAID2007 parametrization for GM can be expressed
asGM = 3
√
1 + τ(1 + a1Q
2)e−a4Q
2
, where τ = Q
2
(M∆+M)2
,
a1 = 0.01 GeV
−2 and a4 = 0.23 GeV
−2 [44]. The MAID-
2007 parametrization provides a very good description of
the low-Q2 data.
4.2 Parametrization for GEn
In the calculation of the pion cloud contributions to GE
and GC , we use the parametrization of GEn given by
eq. (6), where we take k = 3 (3 parameters). Compared
to the Galster parametrization (5), we consider one addi-
tional parameter. Using eq. (6), we avoid an explicit de-
pendence on the dipole factor GD. This procedure may be
more appropriated for the study of the γ∗N → ∆(1232)
transition form factors, since it avoids the connection with
a scale associated exclusively with the nucleon [19].
Fits based on parametrizations with larger values of
k (k ≥ 4) lead to similar results at low Q2, but increase
the number of parameters. In addition, for k ≥ 5, the
higher order coefficients cl of the parametrizations are
constrained mainly by the Q2 > 2 GeV2 data, which is
restricted to 2 data points (2.48 GeV2 and 3.41 GeV2).
Those coefficients are therefore poorly constrained, and
can lead to strong oscillations in the function GEn for
large Q2, in conflict with the smooth falloff expected for
largeQ2. Parametrizations of GEn with k ≥ 5 may be con-
sidered, once more information relative the function GEn
become available, such as, more and better distributed
data at large Q2.
4.3 Model with no valence quark contributions
In order to test whether the inclusion of the valence quark
effects on the γ∗N → ∆(1232) quadrupole form factors is
really relevant for the description of the data, we consider
first two fits where we ignore those effects.
We start with a direct fit to the GEn data, ignoring
the impact of the quadrupole form factor data. The pa-
rameters associated with the fit and the respective errors
are presented in the first row of table 1. The coefficients of
correlation between the parameters are also presented in
the table and are discussed later. The reduced chi-square
associated with the GEn fit is 0.66, pronouncing the good
quality of fit. The parameters of the global fit to the GEn,
GE and CC data, using only the meson cloud term, and
the corresponding errors are presented in the second row
of table 1. The values of reduced chi-square associated
with the different subsets and the combined chi-square
per degree of freedom are presented in the second row of
table 2.
From the chi-square values presented in the second row
of table 2, one can anticipate that a fit that does not in-
clude additional contributions to the pion cloud parametri-
zation lead to a very poor description of the GC data
(reduced chi-square 6.7), as well as an imprecise descrip-
tion of the neutron electric form factor data (reduced chi-
square 2.7) and the electric quadrupole form factor data
(reduced chi-square 2.0).
The results of the two fits to the GEn, including the
interval of variation associated with the uncertainties in
the parameters are presented in fig. 2. The dashed line
represent the result of the fit to the GEn data and the
uncertainties are represented by the thick band (orange).
The thin band represents the result of the global fit (in-
cluding the uncertainties). The range of the variation of
GEn is estimated using the propagation of errors associ-
ated with the coefficients ci according to the parametriza-
tion (6) with k = 3 [100].
In fig. 2, we also present the results below Q2 = 0 down
to Q2 = −(M∆ −M)2 ≃ −0.09 GeV2, which correspond
to the pseudothreshold of the γ∗N → ∆(1232) transition.
As mentioned, the region below Q2 = 0 is important for
the study of the quadrupole form factors and to Siegert’s
theorem [19,20].
The results for the quadrupole form factors, GE and
GC , are presented in fig. 3. In this case, the interval of
variation is small (narrower bands).
The errors associated with the coefficients cj are de-
termined based on standard relations that take into ac-
count the errors associated with the data and the sen-
sibility of the parameters relative to the data. The last
effect is estimated by
(
∂cj
∂yi
)
where yi represent the GEn,
GE or GC data [100,101]. The available data suggest that
the coefficients c1, c2 and c3 are not really uncorrelated,
since the coefficients of correlation between the param-
eters differ significantly from zero [100,101]. The coeffi-
cients of correlation and the covariance functions are pre-
sented in the last three columns of table 1. Note in par-
ticular that the coefficient of correlation between c1 and
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Fig. 3. γ∗N → ∆(1232) electric and Coulomb quadrupole form factors. Results of models with no valence quark contributions.
Results of the direct fit to the GEn data (red band), and the global fit (blue band). The label “mc” stands for meson cloud.
Data for proton targets from [41,80,83,96,97,98].
Table 1. Parameters ci associated with the parametrization from eq. (6) for the case k = 3. The brackets represent the
uncertainty associated with the parameters. In the first row ρcicj represents the coefficient of correlation between ci and cj . In
the second row σcicj represent the covariance between ci and cj .
c1 (GeV
−2) c2 (GeV
−2) c3 (GeV
−4) ρc1c2 ρc1c3 ρc2c3
σc1c2 (GeV
−4) σc1c3 (GeV
−6) σc2c3 (GeV
−6)
Fit GEn 3.39 −0.750 2.01 0.39 0.97 0.21
(0.39) (0.135) (0.77) (0.021) (0.29) (0.025)
Global fit 3.31 −0.175 1.71 0.84 0.97 0.69
(only meson cloud) (0.19) (0.113) (0.34) (0.019) (0.063) (0.026)
Global fit 3.28 −0.954 1.93 0.62 0.95 0.36
(total) (0.17) (0.077) (0.26) (0.0079) (0.042) (0.0073)
Fit GEn, GE 3.47 −0.744 2.19 0.35 0.98 0.19
(0.42) (0.138) (0.90) (0.020) (0.37) (0.015)
c3, ρc1c3 , is very close to one, indicating a strong corre-
lation between the effect of those two coefficients. A con-
sequence of the correlation between coefficients is that to
estimate the range of variation of GEn we cannot consider
just the quadratic terms
(
∂GEn
∂ci
)2
σ2ci associated with c1,
c2 and c3, but that it is also necessary to consider the cross
terms: 2
(
∂GEn
∂ci
)(
∂GEn
∂cj
)
σcicj , where σcicj is the covari-
ance function between ci and cj [100]. The narrow bands
presented in the following figures are the consequence of
the inclusion of the cross terms.
One can now comment on the results of the fits. In
fig. 2, we can notice that the direct fit to the data provide
a much better description of the GEn data (reduced chi-
square 0.66) than the global fit restricted to the meson
cloud term (reduced chi-square 2.65). In the last case the
fit overestimates the GEn data for Q
2 > 0.25 GeV2. It is
worth noticing that, although the combined fit reduces the
errors associated with the parameters, and consequently
the width of the bands associated with GEn, that does not
imply that the data description is more accurate, as can
be inferred from the reduced chi-square values.
Table 2. Quality of the parametrizations measured in terms
of chi-square per degree of freedom (GEn, GE and GC). χ
2(tot)
is the total chi-square per degree of freedom. The results be-
tween brackets indicate the values associated with the sets not
included in the fits.
χ2(GEn) χ
2(GE) χ
2(GC) χ
2(tot)
Fit GEn 0.66 (2.70) (26.5)
Global fit (mc) 2.65 2.03 6.73 2.94
Global fit 0.77 0.67 1.15 0.77
Fit GEn, GE 0.66 0.63 (2.33)
As for the quadrupole form factors displayed in fig. 3,
we can conclude that the combined fit (at blue) improves
the description of the quadrupole form factor data com-
pared to a fit that excludes those data (at red). The im-
provement is more significant for GC . Both fits show a
reasonable agreement with the data near Q2 = 0. Focus-
ing on the global fit, it is important to mention that the
results are the consequence of the overestimated results
for GEn, which enhance the values of GE and GC at low
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Q2 in about 30%. We can also note that GE is poorly de-
scribed for Q2 > 0.4 GeV2 and that the global fit of GC
underestimates the data in the region Q2 ≈ 0.2 GeV2.
To summarize this first analysis, one can say that a
global fit which neglects the valence quark contributions
appears to give a reasonable description of the quadrupole
form factor data at low Q2. Those results, however, are a
consequence of a rough description of the GEn data.
4.4 Global fit (including the valence quark
contributions)
We consider now a global fit to the data that take into
account the contribution of the valence quarks on the
quadrupole form factors GE and GC . The inclusion of the
valence quark term introduces additional uncertainties in
the calculations, since there are now uncertainties associ-
ated with the quark model estimates of the functions GBa
(a = E,C).
The simplest way of taking into account those uncer-
tainties in the fit it is to modify the experimental stan-
dard deviation σi associated with Ga according to σ
2
i →
σ2i + σ
2(GBa ), in the chi-square calculation, where σ(G
B
a )
is the theoretical error associated with the result for GBa .
The previous modification is justified in the calculation
of the factor Ga − (GBa + Gpia), when the errors are com-
bined in quadrature. The main consequence of the previ-
ous procedure is the reduction of the impact of the GE
and GC data in the global fit, since the contribution of
each term is weighted by the factor 1/σ2i . In those con-
ditions the chi-square associated with the experimental
data differ from the effective chi-square obtained when we
include the quark model uncertainties (the model uncer-
tainties reduce the chi-square values). The interpretation
of the reduced chi-square values become less clear, then,
since it is not restricted exclusively to the experimental
data.
For the reasons mentioned above, we choose not to
take into account explicitly the uncertainties associated
with the quark model in the global fit to the data. Alter-
natively, we determined the chi-square taking into account
the experimental errors and include the quark model un-
certainties afterward in the representation of the results
for GE and GC . With this procedure, we preserve the
usual interpretation of reduced chi-square based on the ex-
perimental data. The quark model uncertainties are taken
into account later in the discussion of the results for the
quadrupole form factors.
The parameters associated with the best fit to the
GEn, GE and GC data, including the valence quark and
meson cloud contributions on the quadrupole form factors
are presented in the third row of table 1. The results for
the reduced chi-square associated with the different sets
of data are presented in the third row of table 2.
The chi-square values obtained in the global fit seems
to suggest that all the data subsets (GEn, GE and GC)
are well described, since the reduced chi-square is smaller
than the unit, or just a bit larger, in the case of GC .
One can then conclude that if the theoretical uncertainties
0 1 2 3 4
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Fig. 4. Neutron electric form factor. Best fit to the data (band
and dashed line) compared with the direct fit and with theGEn
data (solid line). Data from [54,84].
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Fig. 5. Neutron electric form factor. Best fit to the data (solid
line) compared with the best fit to the GEn and GE data (ex-
cluding the GC data). The bands represent the errors associ-
ated with the partial fit (GEn and GE). The errors associated
with the global fit are not included for clarity (see fig. 2). Data
from [54,84].
are small, the inclusion of the valence quark contributions
improves the global description of the data.
The numerical results for GEn and for the quadrupole
form factorsGE andGC are discussed in the following sub-
sections, including the uncertainties associated with the
quark model from [18]. The relative uncertainties associ-
ated with the quark model can be determined numerically
combining the lattice QCD resultsGlatta with the model es-
timate of that result in lattice GBa . One conclude then that
the errors associated with the functions GBE and G
B
C can
be expressed2 as σ(GBE) = 0.45G
B
E and σ(G
B
C) = 0.33G
B
C .
2 The relative uncertainty of the model for GBa is deter-
mined by
σ(GBa
GBa
. We can estimate
(
σ(GBa )
GBa
)2
using the average〈(
Glatta −G
B
a
GBa
)2〉
. In the calculation the weight of each point is
1/σ2(Glatta ).
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The comparison of the results of the quark model with
lattice QCD results is possible because the meson cloud
effects are suppressed in lattice QCD simulations with
large pion masses [18]. The lattice QCD results for GE
and GC are calculated from the results for GE/GM and
GC/GM , which have uncertainties much larger than GM .
In total one has 21 points for GE and 21 points for GC
for mpi = 411, 490 and 593 MeV [18,81].
4.5 Neutron electric form factor (GEn)
We now discuss the numerical results for GEn presented
in fig. 4 (solid line) in comparison with the data from [54,
84].
The quality of the description of the GEn data and
the narrow band of variation can be observed in detail in
fig. 4, where we include also the results of the single fit
to the GEn data, where we neglect the effect if the GE
and GC data. In the last case, we omit the band of varia-
tion associated with the first model (fit GEn) for clarity.
The comparison with the results from fig. 2 is sufficient
to show that the errors associated with the function GEn
are reduced when we consider the global fit. Based on the
results presented in the third row of table 1, one can con-
clude that the errors associated the parameters decrease
compared to the previous fits, justifying the thin band of
variation presented in the figure.
The parametrization presented in fig. 4 correspond to
the value
r4n = (−0.383± 0.012) fm4. (8)
This estimate is close to other estimates presented in the
literature based on the Galster parametrization [38] and
similar parametrizations [53]. For the purpose of the dis-
cussion, we note that a Galster parametrization that pro-
vides a good description of the GEn data, associated with
d = 2.8 correspond to r4n ≃ −0.30 fm4 [19,20,37].
It is also worth mentioning that in a parametrization
that include the factorGD, a significant contribution to r
4
n
comes from a term on 1/Λ2, where Λ2 = 0.71 GeV2. When
we consider a Galster parametrization, the last contribu-
tion is about −0.25 fm4. It is then interesting to conclude
that we obtain a result close to the Galster parametriza-
tions, without including the factor GD.
The comparison between the results for the third mo-
ment is even more compelling. We obtain almost the same
result for r6n: r
6
n = (−1.31±0.12) fm6, using the parametri-
zation with rational functions and r6n ≃ −1.34 fm6, using
the Galster parametrization with d = 2.8 [19,20,37]. We
conclude then that the two paramerizations are distin-
guished near Q2 = 0, within the uncertainties, basically
by the value of the second moment (r4n).
In figs. 2 and 4, we can notice that the different parame-
trizations have a very similar extension to the timelike re-
gion, including the pseudothreshold. Very similar results
can also be obtained with the Galster parametrization.
This effect is explained by the dominance of the first two
terms (first and second moments) in the expansion of GEn
from (4) near the pseudothreshold.
In order to test the dependence of the fit on the data
subsets, we perform also partial fits to the combination
of the data (GEn, GE) and (GEn, GC). This way, we test
which quadrupole set, GE or GC , has more impact in the
global fit, and we can also infer if those sets are compat-
ible with the GEn data. The result of the fit to the sets
(GEn, GC) is represented in fig. 5 by the blue band. The
global fit (GEn, GE and GC) is represented by the solid
line. The result of the combined fit for (GEn, GC) is al-
most undistinguished from the global fit (solid line), and
it is not presented for clarity. The parameters associated
with the partial fit (GEn, GE) are presented in the last
row of table 1. Compared to the global fit, we notice the
increasing errors associated with the parameters. The cor-
responding values for the reduced chi-square are presented
in the last row of table 2. From the result for χ2(GC) we
can confirm that the quality of the description of the GEn
and GE is obtained at the expenses of a poorer description
of the GC data.
In the literature, there is some debate whether there is
a bump in the function GEn near Q
2 = 0.2–0.3 GeV2, or
not [33,50]. We conclude that the present accuracy of the
data is insufficient for more definitive conclusions. Our
best fit has a smooth behavior in the region under dis-
cussion. Nevertheless, larger values of k can in principle
generate a low-Q2 bump, once one has more high Q2 data
to constrain the higher order coefficients.
When we take into account the theoretical uncertain-
ties associated with the quark model the results for GEn
are only somewhat modified. The magnitude of GEn is
slightly enhanced near Q2 = 0.5 GeV2.
4.6 Quadrupole form factors (GE, GC)
The results of the best global fit to the γ∗N → ∆(1232)
quadrupole form factors (solid line) including the theoret-
ical uncertainties (orange band) are presented in fig. 6, in
comparison with the respective data. For comparison, we
include also the previous fit where we ignore the valence
quark contributions (dashed line).
Focusing first in the central values (solid line) we ob-
serve an excellent agreement with the data in the range
Q2 = 0–1.5 GeV2, for both form factors. As mentioned
before, the quality of the description is corroborated by
the reduced chi-square values presented in table 2, 0.67
and 1.15 for GE and GC , respectively. For this agreement
contributes the larger error bars for the data below 0.2
GeV2. The precision of the Q2 < 0.2 GeV2 data is com-
parable to the precision of most of the neutron electric
form factor data. We note, however, that in the present
case it is not sufficient to look for the chi-square values,
because there are also uncertainties associated with the
valence quark contributions.
The uncertainties displayed in fig. 6 are the combi-
nation of the pion cloud uncertainties associated with the
GEn parametrization and the uncertainties associated with
the quark model. The main contribution comes from the
quark model. The magnitude of the pion cloud uncer-
tainties can be inferred from fig. 3. The uncertainties are
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Fig. 6. γ∗N → ∆(1232) electric and Coulomb quadrupole form factors. Best global fit to the data (solid line, orange band).
The result of the best fit without valence quark contributions is also presented (dashed line, “mc” stands for meson cloud) for
comparison. Data for proton targets from [41,80,83,96,97,98].
very small at pseudothreshold because according to our
estimate, the uncertainties associated with the valence
quark contribution vanish and only the pion cloud compo-
nent contributes (recall that GBE and G
B
C vanish at pseu-
dothreshold).
The results from fig. 6 shows that there is a range
of variation of GBE and G
B
C which give a better solution
than models with no valence quark contributions. In the
figure, we can notice that the model with no valence quark
contributions (dashed line) is a bit below the lower limit
of the estimate with valence quark contributions. One can
then conclude that the inclusion of the bare contribution
improves the description of the data.
The lower limit of the results for GE is obtained for
a bare contribution of about 0.55GBE , where G
B
E is the
estimate of the covariant spectator quark model. In this
case, we cannot conclude much, since theoretical and ex-
perimental uncertainties are both large and compatible.
The improvement is more significant in the case of GC
with a much narrower band of variation. In this case, the
model uncertainties are about 33% of the model estimate
GBC . One can notice in this case, that although the fit
with no valence quark component (dashed line) is just
a bit below the lower limit of the model estimate, the
reduced chi-square values are very different (see table 2).
The difference between those values is a consequence of the
small error bars associated with the Q2 > 0.2 GeV2 data
for GC . One concludes, then that GC is more sensitive to
the inclusion of the valence quark component.
The comparison of results of GE with GC corrected by
the factor κ is presented in fig. 7. For clarity, we omit the
uncertainties associated with both form factors. In this
representation, it is more explicit the connection between
the two quadrupole form factors and the implications of
Siegert’s theorem. The convergence of the results at the
pseudothreshold (Q2 ≃ −0.09 GeV2), the consequence of
Siegert’s theorem, is clearly displayed in the graph.
In comparison with the results from [20], where GEn is
described by a Galster parametrization (d = 2.8), we ob-
tain slightly larger values for the quadrupole form factors
at the pseudothreshold.
Based on the results of GE and GC at Q
2 = 0, one
can test the accuracy of the large Nc estimate GE =
M2∆−M
2
4M2
∆
GC , apart O( 1N2c ) relative corrections [33]. The
previous relation is equivalent to the identity REM (0) =
RSM (0) [20,33]. According to the results from figs. 6 and
7, one obtainsGE(0) = 0.083±0.003 and M
2
∆−M
2
4M2
∆
GC(0) =
0.082± 0.004, in agreement with the large Nc prediction,
within the uncertainties.
4.7 Square radii r2E and r
2
C
The difference of behavior between the two quadrupole
form factors can be better understood when we look at
the square radius associated with the quadrupole form
factors GE and GC , defined by [39,42,102]
r2a = −
14
Ga(0)
dGa
dQ2
∣∣∣∣
Q2=0
(9)
where a = E,C. The numerical results for r2E and r
2
C
for the parametrizations discussed here are presented in
table 3.
If we ignore the effect of the valence quarks, one can
calculate r2E and r
2
C very easily using eq. (2)-(3). One
obtains then r2E =
7
10
r4n
r2n
+ 7M∆(M∆−M) and r
2
C =
7
10
r4n
r2n
.
We conclude then that r2E − r2C is of order N0c , and it is
not suppressed in the large Nc limit. The relation for r
2
C
was derived previously in [39], assuming the dominance
of the pion cloud contribution. Using the result (8) for
r4n, one obtains the estimates r
2
E = 3.06 ± 0.07 fm2 and
r2C = 2.31 ± 0.07 fm2. The uncertainties in the previous
results are the consequence of the results for r4n, affected
by the errors associated with the parametrization GEn.
Both estimates are about 10% larger than the results for
the pion cloud contribution presented in table 3, and are
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Fig. 7. Results for the form factors GE and GC . Recall that
κ = M∆−M
2M∆
≃ 0.12. Data for proton targets from [41,80,83,
96,97,98].
therefore consistent with a 10% correction for both form
factors near Q2 = 0, due to the inclusion of the valence
quark contributions, as discussed in sect. 2.
Combining the analytic expressions described previ-
ously for r2E and r
2
C , one has r
2
E−r2C = 7M∆(M∆−M) ≃ 0.75
fm2. Note that this result is independent of the general
form used for the function GEn, and therefore indepen-
dent of r4n.
The previous estimate differs from the result presented
in table 3, mostly because of the valence quark effects
are not taken into account as discussed above (10% re-
duction). Correcting the previous result with the valence
quark effect, assuming the 10% correction, one obtains
then (r2E − r2C)pi ≃ 0.68 fm2. The subindex was included
to emphasize that the estimate concerns the pion cloud
component. The previous estimate is still in disagreement
with the result from table 3, in about −0.04 fm2. In this
discussion, we omit the uncertainties and focus on the re-
sults obtained with the central values presented in the
table.
To understand the small difference of −0.04 fm2, we
need to look into the details of the calculation, and for the
very small deviations from the 10% correction, assumed
for the valence quark component. If we consider deviation
of δE and δC from the 10% correction to the form factors
GE and GC , respectively, we conclude that the residual
correction can be expressed as 0.92(δC−δE)r2E0, where the
first factor accounts for the 10% correction in the normal-
izations, and r2E0 is the estimate of r
2
E in a model with pion
cloud dominance, mentioned above. Combining all effects
with r2E0 ≃ 3.06 fm2, one obtain 0.92(δC−δE)r2E0 ≃ −0.04
fm2, which explain at last the result (r2E − r2C)pi ≃ 0.64
fm2. The last correction is then the consequence of the
product of a very small factor by a large factor (r2E0).
The contributions from the valence quark component
depend on the details of the quark model, and are there-
fore model dependent. Using the model described previ-
ously, we obtain (r2E − r2C)B ≃ −0.06 fm2, where B la-
Table 3. Contributions to the quadrupole square radius (bare
and pion cloud): r2E, r
2
C and difference r
2
E − r
2
C . The results
between brackets indicate the uncertainties.
r2E (fm
2) r2C (fm
2) r2E − r
2
C (fm
2)
B −0.410 −0.347 −0.063
(0.169) (0.107) (0.200)
pi 2.742 2.100 0.643
(0.080) (0.064) (0.102)
Total 2.331 1.752 0.580
(0.187) (0.134) (0.225)
bels the bare contribution. Combining the two contribu-
tions, we obtain r2E − r2C ≃ 0.58 fm2, as presented in ta-
ble 3. When we take into account all the errors we obtain
r2E − r2C = 0.58± 0.23 fm2 (see table 3).
Smaller values for r2C have been suggested by empirical
parametrizations of the quadrupole form factor data con-
sistent with Siegert’s theorem [19,42]. We note, however,
that those estimates are strongly affected by the Q2 = 0–
0.15 GeV2 data for GC , from [80,96,99]. Therefore, the
conclusions based on those data have to be reviewed in
light of the new data from [41].
An important conclusion of the previous discussion is
that in order to obtain a reliable estimate of r2E and r
2
C
from the GE and GC data, we need more accurate mea-
surements from GE and GC near Q
2 = 0.
Overall, we can conclude that the large values obtained
for r2E and r
2
C are the outcome of the pion cloud domi-
nance. The magnitudes of r2E and r
2
C around 2 fm
2 can
be interpreted physically, as the result of the increment of
the size of the constituent quarks due to the qq¯ pair/pion
cloud dressing [39,42]. More specifically, those magnitudes
can be understood looking at the pion Compton scattering
wavelength, rpi ≈ 1/mpi, which characterize the pion dis-
tribution inside the nucleon [39]. Numerically, the result
r2E ≈ r2C ≈ 2 fm2 is then the consequence of r2E ≈ r2C ≈ r2pi .
A more detailed discussion on this subject can be found
in [39].
Concerning the difference r2E− r2C = 0.6±0.2 fm2, one
can conclude that it is mainly a consequence of Siegert’s
theorem, since the difference between r2E and r
2
C is the
consequence of the extra factor included in the pion cloud
parametrization GpiE , in order to satisfy Siegert’s theorem.
4.8 General discussion
Once presented our final results for the neutron electric
form factor and for γ∗N → ∆(1232) quadrupole form fac-
tors, one can discuss some theoretical and experimental
aspects related to the present results.
For the good agreement between the model and the
data for the quadrupole form factors, displayed in figs. 6
and 7 contributes the valence quark component estimated
with a covariant quark model. We stress that this part
of the calculation is model dependent and it is then lim-
12 G. Ramalho: Combined parametrization of GEn and γ
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ties are larger in the case of the electric form factor GE .
Alternative estimates of the valence quark contribution,
with the same sign, can also improve the description of
the quadrupole form factor data. An example is the bare
para-metrization of the Sato-Lee model in the Q2 > 0 re-
gion [18,32]. Another example is the estimates based on
the Dyson-Schwinger formalism, which are expected to be
closer to the upper limit of the present calculation.
A test to the valence quark contributions can be per-
formed in a near future with lattice QCD simulations in
the range of mpi = 0.2–0.3 GeV [103], a region close the
physical point, but where hopefully the pion cloud con-
tamination is small. The increase of the number of lattice
QCD simulations and of the accuracy of those simulations
can also help to improve the accuracy of the present quark
model estimates.
Another relevant point of discussion is the accuracy
of the data. The data associated with GEn have in gen-
eral large error bars, which difficult the derivation of an
accurate parametrization. The GE and GC data below
0.15 GeV2 are also affected by large error bars. In that
region the experimental uncertainties are larger than the
quark model uncertainties. For all those reasons it is not
hard to find parametrizations that provides a good de-
scription of the overall data, including the low-Q2 region
(small chi-square). The inclusion of the GE and GC data
provide, however, additional constraints to the function
GEn, which help to pin down the shape of GEn.
Another important aspect of the present work is the
sensitivity of the fits to the data, particularly in the re-
gion Q2 = 0–0.2 GeV2. This effect can be illustrated by
the realization that the trend of the function GC changed
with the more recent data [41]. A fit that includes the GC
data from [80,96] cannot describe the data with the same
accuracy as a fit that include the more recent data [19]. In
conclusion, new data for GC have also a significant impact
on the solution for GEn.
To finish the present discussion, we note that we can
also test the results of the functionsGE andGC combining
lattice QCD results with estimates based on expansions on
the pion mass, derived from effective field theories [104,
105,106]. In these conditions the consistency between the
results from lattice QCD and the experimental data can
be checked, and therefore, the consistency between QCD
and the real world.
5 Outlook and conclusions
In the present work, we derive a global parametrization of
the neutron electric form factor and the γ∗N → ∆(1232)
quadrupole form factors, GE and GC . To relate the pion
cloud contribution toGE andGC with the neutron electric
form factor we use improved relations derived in the large
Nc limit in order to verify Siegert’s theorem exactly.
The success of the global parametrization of GEn, GE
and GC is an indication of the importance of the pion
cloud in the neutron and in the γ∗N → ∆(1232) transi-
tion. This correlation is suggested by the largeNc limit, by
the SU(6) symmetry breaking, and by calculations based
on non relativistic constituent quark models.
For the agreement between the model calculations and
the empirical data for the γ∗N → ∆(1232) quadrupole
form factors also contribute the small valence quark com-
ponents estimated by a covariant quark model, calibrated
previously by the results of lattice QCD simulations. Al-
though limited by some model uncertainties, the estimates
of the valence quark contributions improve the descrip-
tion of the data compared to models with no bare contri-
butions. Estimates of the valence quark effects based on
other frameworks may also improve the description of the
γ∗N → ∆(1232) quadrupole form factors.
The global fit of the GEn, GE and GC data, based
on rational functions, show that the overall data, and the
GEn data, in particular, is compatible with a smooth de-
scription of the neutron electric form factor with no pro-
nounced bump at low Q2. The best description of the data
is obtained when we consider a parametrization of GEn
associated with r4n = −0.38± 0.01 fm4.
We conclude that the square radii associated with the
quadrupole form factors GE and GC are large, as a conse-
quence of the pion cloud effects (long extension of the pion
cloud). We also conclude that the square radii, r2E and r
2
C
are constrained by the relation r2E − r2C = 0.6 ± 0.2 fm2.
The previous relation is a consequence of Siegert’s theo-
rem and of the dominance of the pion cloud contributions
on the quadrupole form factors GE and GC .
The present parametrization of the neutron electric
form factor is still derived from data with significant error
bars below 0.2 GeV2. Future experiments with more ac-
curate data for GEn, and the γ
∗N → ∆(1232) quadrupole
form factors can help to elucidate the shape of the function
GEn at low Q
2. Of particular interest are the upcoming
results of the JLab 12-GeV upgrade [1,36].
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